Objective To evaluate whether pretreatment metabolic parameters obtained from positron emission tomography (PET) with [
Introduction
Oropharyngeal squamous cell carcinoma (OPSCC) is a biologically heterogeneous disease. Human papilloma virus (HPV) positivity or p16 expression has been shown to be a strong prognostic biomarker [1] [2] [3] . The potential for risk-adapted therapy based on HPV or p16 status is the subject of an ongoing investigation. RTOG 1016 and ECOG 1308 were designed to evaluate new treatment strategies based on HPV or p16 status. Identifying additional prognostic variables in OPSCC may allow us to better define high-and low-risk groups of patients that may benefit from risk-adapted treatment strategies.
Positron emission tomography (PET) imaging with [ 18 F]fluorodeoxyglucose (FDG) is based on tumor glucose metabolism. Identification of prognostic FDG-PET biomarkers is an area of active research. The most investigated pretreatment metabolic parameter in head and neck cancer is the maximum standardized uptake value (SUV max ), but findings have been inconsistent [4] [5] [6] [7] . SUV max only provides information about a single point within the tumor, and does not measure the volume or heterogeneity of metabolically active disease.
Metabolic tumor volume (MTV) is a FDG-PET parameter which quantifies the volume of metabolically active disease. Mean SUV (SUV mean ) reflects the average FDG uptake of the tumor. The product of MTV and SUV mean yields the total lesion glycolysis (TLG), which provides a measure of the total activity of the tumor [8] .
The inverse coefficient of variation [1/CoV, calculated as (SUV mean /standard deviation)] is a measure of tumor metabolic heterogeneity [9] . The purpose of this study was to analyze the relative prognostic value of FDG-PET parameters including MTV, SUV max , SUV mean , TLG and 1/CoV in a cohort of patients with OPSCC treated with definitive intensity-modulated radiation therapy (IMRT). We evaluated whether the metabolic parameters of the primary tumor alone or the total of the primary tumor and all metabolically involved lymph nodes was more prognostic. Given the importance of p16 expression as a biomarker, we assessed the relationship of the most prognostic FDG-PET parameter, total MTV, to clinical outcomes in both p16-positive and p16-negative disease.
Methods

Patients
Between July 2003 and November 2009, 86 patients with newly diagnosed OPSCC were retrospectively evaluated. All patients had clinical FDG-PET/computed tomography (FDG-PET/CT) for staging prior to treatment with definitive IMRT. Clinical staging was performed according to the criteria of the American Joint Committee on Cancer (AJCC, 6th edition). Patients were excluded if they had non-carcinoma histology, evidence of distant metastatic disease at diagnosis, or had previous definitive surgery. The Washington University School of Medicine Human Research Protection Office approved this study.
FDG-PET/CT imaging
PET/CT was performed on a Siemens Biograph Duo scanner or a Siemens Biograph 40 scanner PET/CT tomography (Siemens, Knoxville, TN). These two scanners had similar performance. Patients fasted for at least 4 h, and their blood glucose levels were less than 200 mg/dl. Patients were injected intravenously with 10-15 mCi of FDG. Approximately 60 min postinjection, a spiral CT scan was obtained from the vertex to the proximal thigh. The CT consisted of a 10-to 20-s topogram acquired at 30 mAs and 110 kVp (Biograph Duo) or 35 mAs and 120 kVp (Biograph 40). Based on the topogram, the time for the CT scan was adjusted so that the effective mAs were between 95 and 111. The tube voltage remained constant at130 kVp (Biograph Duo) or 120 kVp (Biograph 40). Noncontrast CT images were obtained for attenuation correction and for fusion with PET images for lesion localization. Immediately after the CT scan, emission images were obtained, which ranged from 2 to 5 min for each of the 6-8 bed positions.
FDG-PET imaging assessment
The metabolic volumes of interest were retrospectively indentified on all FDG-PET/CT scans. The MTV was defined as the tumor volume with ≥50 % of the local maximum SUV (SUV max ). The 50 % threshold used in this study has been shown to be a reliable correlate to CT tumor volume in phantom and clinical studies [10, 11] . Areas of normal physiologic FDG uptake were excluded from the threshold volumes. The MTV was defined as the volume of interest (VOI), and mean SUV (SUV mean ) and standard deviation were measured for this volume. TLG was calculated as the product of SUV mean and MTV. The inverse coefficient of variation (1/CoV) was calculated as (SUV mean /SD). The MTV, SUV max , SUV mean , TLG, and 1/CoV were determined and analyzed for the primary tumor alone and the total of the primary tumor and all metabolically involved lymph nodes. FDG-PET/CT analysis was conducted using MIMvista software (version 5.2; MIMvista Corporation, Cleveland, OH).
p16 testing
Immunohistochemistry was performed for p16 on 4-μm sections cut from formalin-fixed, paraffin-embedded tissue blocks using a monoclonal antibody to p16 (MTM Laboratories, Westborough, MA; 1:1 dilution) on a Ventana Benchmark automated immunostainer (Ventana Medical Systems, Inc., Tucson, AZ) according to standard protocols, with appropriate positive and negative controls. p16 immunostaining was considered positive if both nuclear and cytoplasmic expression was present. Staining was graded in a quartile manner as follows: 0 0negative; 1+ 01-25 % of cells positive; 2+ 026-50 %; 3+051-75 %; 4+076-100 %. For analysis, cases were divided into p16-positive (4+) or p16-negative (0 to 3+).
Clinical endpoints
Data were collected from the medical records to determine locoregional failure, distant failure, death, and time of last follow-up. Diagnosis of locoregional or distant failure required either pathologic confirmation or unequivocal clinical or radiographic evidence of failure. Disease-free survival (DFS) included any locoregional or distant failure, or death from any cause. Overall survival (OS) included death from any cause. All time intervals were calculated from the date of diagnosis.
Statistical analysis
Survival was estimated using the Kaplan-Meier method. Univariate and stepwise multivariate Cox proportional hazards models were used to evaluate the association between FDG-PET variables and DFS and OS. Logistic regression was used to evaluate the association of MTV and T-and N-classifications. Graphical diagnostic plots, the minimum p-value approach with adjusted p-values, and receiver operator characteristic (ROC) analysis were utilized to identify the optimal total MTV cutpoint with regard to OS [12] . Student's t-test was used to analyze the effect of p16 status on the FDG-PET variables. A p value of <0.05 was considered statistically significant. All tests were two-sided. Statistical analyses were performed using StatView (version 5.0.1; SAS Institute Inc., Cary, NC) and SAS (version 9.2; SAS Institute Inc.).
Results
Patient, cancer, and treatment-related characteristics are summarized in Table 1 . The median age at diagnosis was 58. Median follow-up time for surviving patients was 41 months (range 3-84 months). The majority of patients (95 %) presented with locally advanced disease (stage III-IV). The median radiation therapy dose was 70 Gy (range 66-75 Gy). The majority of patients (90 %) received chemotherapy, consisting of platinum-based chemotherapy or cetuximab. The estimated (Kaplan-Meier) 2-year and 5-year OS were 58.2 % and 35.5 %, respectively, and the 2-year and 5-year DFS were 47.6 % and 37.7 %, respectively. The estimated (Kaplan-Meier) median OS for the cohort was 39 months. Pretreatment FDG-PET characteristics are listed in Table 2 . Representative images with delineation of primary tumor MTV are shown in Fig. 1 . Univariate Cox proportional hazards regression was performed to determine whether there was an association between FDG-PET variables and DFS and OS (Table 3 ). Primary tumor MTV was a significant predictor of DFS and OS, and primary tumor TLG was a significant predictor of OS. Total MTV and total TLG were significant predictors of DFS and OS. SUV max , SUV mean , and 1/CoV were not significant predictors of DFS or OS.
On multivariate analysis controlling for T-and Nclassifications, total MTV remained a significant predictor of DFS (hazard ratio [HR]01.04; 95 % confidence interval [CI], 1.02-1.06; p<0.0001) and OS (HR01.03; 95 % CI, 1.01-1.05; p00.0005). To make this data more clinically meaningful, we sought to identify high and low risk groups based on total MTV. With regard to overall survival, the optimal cutpoint for total MTV was determined to be 20.5 ml. The optimal cutpoint was determined using the minimum p-value approach with adjusted p-values and ROC analysis [12] . A total MTV greater than 20.5 ml was significantly associated with a 4.13-fold increased risk of death (95 % CI, 2.12-8.05; p<0.0001) (Fig. 2) . On multivariate analysis controlling for T-and N-classification, total MTV >20.5 ml remained a significant predictor of DFS and OS.
Prognostic value of total MTV by p16 status p16 status was available for 43 patients (50 %). Analyzing this subset, p16-negative cancer was associated with a worse DFS (HR02.59; 95 % CI, 1.15-5.84; p00.022) and OS (HR 02.72; 95 % CI, 1.18-6.28; p00.019). Pretreatment FDG-PET characteristics for the p16-positive and p16-negative subgroups are listed in Table 2 . There was no significant difference in the FDG-PET parameters between the p16-positive and p16-negative subgroups. In the subgroup of patients with p16-positive cancer (n025), total MTV remained a significant predictor of DFS (HR01.05; 95 % CI, 1.01-1.10; p00.028) and OS (HR01.05; 95 % CI, 1.01-1.10, p00.035). Similarly, for the subgroup of patients with p16-negative cancer (n018), total MTV was predictive of DFS (HR01.05; 95 % CI, 1.01-1.09; p00.032) and OS (HR01.05; 95 % CI, 1.01-1.10; p00.023). Applying the optimal cutpoint value that was determined for the entire cohort, a total MTV >20.5 ml was associated with a 13.0-fold increased risk of death (95 % CI, 1.62-100; p00.016) for the p16-positive subgroup, compared to a 4.27-fold increased risk of death (95 % CI, 1.28-14.3; p00.018) for the p16-negative subgroup (Fig. 3) .
Discussion
We report the results of a study evaluating prognostic value of pretreatment FDG-PET parameters in OPSCC. To our knowledge, this is the first report analyzing FDG-PET parameters in both p16-positive and p16-negative disease. Identification of possible prognostic metabolic parameters using FDG-PET is an area of current investigation. A summary of selected series analyzing pretreatment FDG-PET characteristics in head and neck cancer is presented in Table 4 . SUV max is the most studied FDG-PET variable. In our study, SUV max was not predicative of DFS or OS. While SUV max has been reported to predict outcomes, many studies have failed to show a significant association [4] [5] [6] 13] .
A correlation between total MTV and outcomes, including progression-free survival (PFS) and OS, has been reported by La et al. [11] and these findings were subsequently confirmed in a validation dataset reported by the MTV metabolic tumor volume, SUV standardized uptake value, TLG total lesion glycolysis, 1/CoV inverse coefficient of variation, DFS disease-free survival, OS overall survival, HR hazard ratio, CI confidence interval Fig. 2 Overall survival stratified by total MTV ≤20.5 or >20.5 ml same group [4] . In their studies, the MTV was defined using a 50 % threshold, and multiple head and neck disease sites were included. Our results indicate that total MTV is a significant prognostic factor for oropharyngeal cancer, even after controlling for T-and N-classification. Thus, total MTV does not simply act as a surrogate for stage, but serves as an independent prognostic factor. In previous reports MTV has been determined using several methods, including visual interpretation, a minimum SUV threshold, a fixed percentage threshold of the local SUV max , and adaptive threshold methods [14] . Visual interpretation of FDG-PET is subject to window-level settings and interobserver variability [15, 16] . A threshold method allows for automated segmentation, limiting interobserver variability. A 50 % threshold of maximum SUV has been shown to be a reliable correlate to CT tumor volume in phantom and clinical studies [10, 11] .
SUV mean was not a significant predictor of DFS or OS in our study. Higgins et al. [13] reported that primary tumor SUV mean was associated with worse DFS. Differences in their study compared to the present study include: (1) multiple head and neck subsites were included, as opposed to oropharynx only, (2) SUV mean was determined for a tumor volume contoured on CT, as opposed to the MTV, and (3) median follow-up time was 15 months, compared to 41 months. One or more Fig. 3 Overall survival for the a p16-positive group and b p16-negative group stratified by total MTV ≤20.5 or >20.5 ml of these differences may explain why SUV mean was not a significant predictor of outcomes in our study.
TLG measures the total activity of the tumor. Moon et al. [17] reported that primary tumor TLG was an independent predictor of overall survival, whereas primary tumor MTV was not. The involved lymph nodes were not analyzed. In our study, we analyzed the prognostic significance of the FDG-PET characteristics for the primary tumor alone, or in combination with all of the metabolically involved lymph nodes. Based on our results, while the primary tumor TLG was a significant predictor of survival on univariate analysis, the total MTV of the primary tumor and all metabolically involved lymph nodes was the most robust predictor of outcomes.
Intratumoral heterogeneity in FDG uptake may be due to necrosis, hypoxia, cellular proliferation or blood flow [9] . Intratumoral FDG metabolic heterogeneity is a poor prognostic factor for cervical cancer [18] and sarcoma [19] . In the present study, intratumoral heterogeneity, as measured by 1/CoV, was not a significant predictor of DFS or OS.
Given the significant difference in prognosis between p16-positive and p16-negative oropharyngeal cancer, does total MTV serves as a potential biomarker for both of these groups? Tang et al. [4] found that total MTV predicted PFS and OS for p16-positive oropharyngeal cancer, but the limited number of patients with p16-negative cancer in their study prevented an adequately powered analysis for this subgroup. In the present study, total MTV remained a significant predictor for DFS and OS for both the p16-positive and p16-negative subgroups. There was no significant difference in mean MTV between the p16-positive and p16-negative subgroups. Using the optimal cutpoint value that was determined for the entire cohort, we found that a total MTV >20.5 ml was significantly associated with a 13.0-fold increased risk of death in p16-positive patients and 4.27-fold increased risk of death in p16-negative patients. Given the limited number of patients with p16 status available, further investigation to define the relative prognostic value of total MTV for p16-positive and p16-negative disease is recommended.
In the present study, we limited our analysis to patients with oropharyngeal cancer. Most of the studies listed in Table 4 included multiple head and neck cancer subsites. The pathophysiology, clinical behavior, and prognosis of malignancies in these subsites can differ significantly. By limiting our analysis to OPSCC, we eliminated this potentially confounding effect.
Potential limitations of this study include its singleinstitution retrospective design, non-uniform treatment, and the limited number of patients with p16 status available. Despite these limitations, total MTV was highly predictive of recurrence and survival for the entire cohort and both the p16-positive and p16-negative subgroups. Ideally, the prognostic value of total MTV and other FDG-PET parameters should be validated in a prospective study.
Conclusion
Total MTV is an independent predictor of DFS and OS for patients with OPSCC treated with definitive radiotherapy. Total MTV >20.5 ml was associated with a 4.13-fold increased risk of death. Total MTV remained predictive of DFS and OS for both p16-positive and p16-negative cancer.
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